Liver failure following major hepatectomy for hepatocellular carcinoma is a known but uncommon mode of early treatment failure. When post-hepatectomy liver failure becomes progressive, the only effective treatment for rescuing the patient is liver transplantation. Deceased-donor liver transplantation in this situation is often not feasible because of the shortage of deceased-donor liver grafts. Proceeding with living-donor liver transplantation is an ethical challenge because of the possibility of donor coercion. In addition, tumor status, as confirmed by histopathological examination of the resected specimen, may indicate aggressive cancer that warns against rescue transplantation because of the increased chance of tumor recurrence. Here we describe four cases of rescue living-donor liver transplantation for liver failure after hepatectomy for hepatocellular carcinoma. The patients all survived the transplantation and were free from tumor recurrence after follow-up periods ranging from 6 months to 9 years. Our experience has shown that rescue living-donor liver transplantation for post-hepatectomy liver failure is feasible. Tumor status should be considered carefully because large tumors and tumors with macrovascular invasion are strong contraindications to rescue living-donor liver transplantation.
Introduction
Liver resection (LR) is the most common form of curative treatment for hepatocellular carcinoma (HCC) [1] . Patients with resectable HCC who undergo major hepatectomy have a hospital mortality rate of less than 5% and a 5-year survival rate of 50% [2] . However, for patients with liver cirrhosis and compromised liver function, liver failure after major hepatectomy remains a significant issue and is a major cause of hospital mortality [3, 4] . Accurate remnant liver volumetric analysis [5] , liver function assessment [6] , preoperative ipsilateral portal vein embolization [7] , and parenchyma-sparing hepatectomy may lower the incidence of post-hepatectomy liver failure (PHLF) [8] .
When PHLF becomes progressive, the only available life-saving measure is liver transplantation (LT). When a deceased-donor liver graft is not available or cannot be allocated to a patient with PHLF because of unsuitable tumor status, living-donor liver transplantation (LDLT) [9] can be considered if there is no strong contraindication such as major vascular invasion by HCC. Here we describe four cases of rescue LDLT for liver failure following hepatectomy for HCC. The biological and ethical issues of such last-resort LDLTs are also discussed.
Patients and Methods
Over 800 LRs, 57% of which were major hepatectomies, have been performed at our hospital, a tertiary center for referral for management of HCC [10] . Data on consecutive patients who underwent LR or LT at our hospital were prospectively entered into two computerized databases. Patients who developed irreversible liver failure and those who underwent LT were identified. Resected HCC specimens were examined by histopathologists. Data regarding tumor size and number, satellite tumors, tumor cell differentiation, and vascular invasion (macro or micro) were recorded. Patients who had progressive PHLF but no strong contraindication were offered LT. Because of the scarcity of deceased-donor liver grafts in our region, LDLT was proposed in such urgent situations.
Donor work-up was performed as per our protocol. High-urgency rescue LDLT was enabled by an expedient preparatory process [11] . Graft size estimation was done by volumetric analysis of the potential donor's right liver on computed tomography [12] . The potential donors, recipients, and their families were informed that the mortality rate is about 0.5% for donors of the right liver including the middle hepatic vein, and the long-term survival rate of recipients is 50-70% [13] . LDLT was not offered to patients with an estimated survival rate of less than 50%. Histopathology reports of the resected tumor specimens provided evidence of the absence or presence of vascular invasion by HCC. Computed tomography of the recipient's brain was performed shortly before commencement of LDLT to confirm the absence of cerebral edema, a condition that would result in transplantation failure.
The donor right hepatectomy [14] and recipient operation [15] are described in detail elsewhere. Immunosuppression included interleukin-2 receptor antagonist and was steroid free [16] . Hepatitis B prophylaxis did not contain hepatitis B immunoglobulin and was administered in the form of a monoagent oral nucleoside analogue [17] . After transplantation, computed tomography was done every 3-4 months and serum alpha-fetoprotein levels were checked to monitor HCC status.
Results
As shown in table 1, the four cases of progressive PHLF occurred in 2003 (n = 1) and 2011 (n = 3). All four patients were carriers of the hepatitis B virus. Patient 2 had moderate cirrhosis and the other patients had mild cirrhosis as judged at LR. Patient 3 received LR at another hospital, and did not undergo a preoperative indocyanine green test. All patients underwent right hepatectomy without Pringle maneuver, except patient 4, whose liver tran- Duration of follow-up section was difficult. Patients 1 and 4 had significant blood loss of 4,500 ml and 5,000 ml, respectively. The development of progressive PHLF was unexpected in each patient but became apparent in the early postoperative period. The development of PHLF was rapid, and all patients presented with hepatorenal syndrome. LDLT was performed on postoperative days 7, 6, 5, and 10 respectively. The decision to proceed with LDLT for patient 4 was made on postoperative day 6, but there was no suitable donor from among his first-degree relatives. His sister-in-law came forward as a donor on postoperative day 9, and the donor operation was performed 12 h after the completion of donor work-up.
All donors donated their right liver with the middle hepatic vein. The donor operations were standard. The recipient operations were not difficult because the right liver had been removed during LR. When implanting the graft in patient 2, hypertensive myopathy was modified with the construction of a temporary portal systemic shunt using a ringed Gortex graft. This connected the native main portal vein to the common trunk of the middle and left hepatic veins to improve hemodynamic stability during the anastomosis of the hepatic vein and the inferior vena cava. The patency of the latter was restored before taking down the shunt. Extracorporeal venovenous bypass was not performed, based on our experience [18] . All four patients survived and did not have recurrence of HCC after follow-up periods ranging from 6 months to 9 years. All the four living donors returned to their normal life and activities.
Discussion
It was fortunate that the four patients did not have any strong contraindications to LT such as uncontrolled sepsis or major vascular invasion by HCC. Although PHLF is irreversible and progressive, the patients' physical conditions were not prohibitive of LT. The four cases of emergency LDLT were successful in reviving the patients. Histopathological examination of the resected specimens demonstrated no features indicative of a high chance of HCC recurrence after transplantation. In fact, HCC recurrence in such situations is uncommon.
HCC patients within the standard criteria or the "up-to-7" criteria who undergo LT despite the presence of microvascular invasion have a 5-year survival rate of 85% [19] , which is comparable to the survival rate for LT recipients with no HCC. However, the survival outcome of salvage LT for HCC recurrence is poor [20] . Nonetheless, LT has been proposed [21] and is practiced for patients who have tumors with a high chance of recurrence after resection. Even patients who have three to five or even more factors associated with tumor recurrence are advised to undergo LT. Recurrence-associated factors include microscopic vascular invasion, satellite nodules, tumor size >3 cm, poorly differentiated tumor, and liver cirrhosis [22] .
Based on the normal course of biochemical liver function tests after LR, a simple and easily applicable definition of PHLF was developed by the International Study Group of Liver Surgery. Furthermore, a grading of severity of PHLF was proposed based on the disease's impact on the clinical management of patients [23] . Grade-A PHLF requires no change of clinical management. The clinical management of patients with grade-B PHLF deviates from the regular course but does not require invasive therapy. The need for invasive treatment defines grade-C PHLF. Immediate LT should be considered seriously for grade-C PHLF. It has been reported that a preoperative Model for End-stage Liver Disease score of 11 or higher, major hepatectomy, and a rise in the score on postoperative days 3-5 are significant factors for PHLF, but it should be noted that only 4.5% of the patients in our series underwent major hepatectomy [24] .
Rescue LT had been practiced elsewhere [24, 25] . In a series at the University of California, Los Angeles, 11 patients were considered and seven were listed for LT. The four excluded patients had advanced malignancy, uncontrolled sepsis, ischemic heart disease, or multipleorgan failure. The seven listed patients underwent deceased-donor LT [25] .
The potential for LDLT donors to feel some level of coercion in such a high-urgency situation is of concern [26] . The rapidity required for decision making is the main argument against such donation. In LDLT, the double equipoise model is applicable to balancing recipient benefit against donor risk [27] . A patient with PHLF needs a LT to survive, and if there is a chronic shortage of deceased-donor liver grafts, the chance of survival is virtually zero. Thus, the recipient benefit of LDLT is tremendous [28] . There is also evidence that the donor's quality of life is worse if the recipient suffers complications [29] . Young donors and donors who have greater pre-donation concern over complications are more likely to have poorer outcomes after donation [30, 31] . Since the indications for LR are not restricted by tumor size or number, there is a question as to whether these patients should be transplanted after the development of irreversible PHLF. Given the rigid criteria (e.g., Milan or UCSF criteria) for the allocation of liver grafts, deceased-donor LT for patients beyond the standard criteria is not feasible. HCC that is slightly beyond these criteria in terms of size or number, however, does not preclude LDLT as long as the chance of long-term survival is not too low. The enthusiasm of the donor and recipient is then of great importance [32] .
Rescue LDLT for PHLF may open up the treatment logistics of a planned salvage LT when the patient course indicates such a possibility. A more aggressive approach to major hepatectomy can be executed in patients with small resectable HCC and compromised liver function. This can be carried out on the premise that the potential donor is already worked up and is unlikely to withdraw from donation. LDLT can also be preemptive if PHLF is determined early and accurately. The combination of a prothrombin level of <50% and a serum total bilirubin level of >50 μmol/L on postoperative day 5 is a strong predictive factor for mortality. In patients with significant morbidity, this "50-50" criterion is met 3-8 days before clinical evidence of complications. It is a simple, early, and accurate predictor of more than half of deaths after hepatectomy. This criterion can be identified early enough, before clinical evidence of complications, for specific intervention to be applied in due time [33] . Patient 3 underwent LDLT within a week of LR, while Patient 4 underwent LDLT after 10 days because no suitable donor was available earlier. Donor work-up was also expedient. Trace amounts of Acinetobacter were cultured from the endotracheal aspirates of two patients.
At many centers, LDLT has become the standard treatment for acute liver failure. In the setting of PHLF, the general principle of this form of treatment is applied. Tumor factors should be considered carefully because large tumors and tumors with macrovascular invasion as determined in LR specimens are strong contraindications to rescue LDLT. However, our experience has shown that emergency rescue LDLT for PHLF is feasible.
